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ABSTRACT 
 
This paper discusses the influence of asymmetrically 
damaged ships on the ultimate hull girder strength. When such 
damages take place at the asymmetric location of cross sections, 
not only translation but also inclination of instantaneous neutral 
axis takes place during the process of the progressive collapse. 
To investigate this effect, the Finite Element Analysis (FEA) is 
employed and the damage is assumed in the middle hold. The 
collision damage is modeled by removing the plate and stiffener 
elements at the damage region assuming the complete loss of the 
capacity at the damage part. 
 
For the validation results obtained by Finite Element 
Analysis of the asymmetrically damaged ship hull girder, the 
simplified method is adopted. The Finite Element method of 
ultimate strength analysis of a damaged hull girder can be a 
practical tool for the ship hull girder after damages, which has 
become one of the functional requirements in IMO Goal Based 
Ship Construction Standard. 
 
INTRODUCTION 
  
 A ship’s hull is very complicated stiffened panel structure 
consisting of structural components such as decks, bottoms, side 
shells, bulkhead, transverse frames and longitudinal. Although 
the nonlinear FE analysis is widely accepted as a reliable tool for 
the investigation of nonlinear structural behaviors, its 
applications to the progressive collapse analysis of ship hull 
girder have been still very limited due to great demand on the 
computer resources and manpower. Despite of these difficulties, 
the nonlinear FE analysis is believed to be the only available and 
suitable tool to assess the ultimate hull girder strength with 
damage under longitudinal bending moment. 
 
 Many studies have been conducted on the analysis of the 
ultimate hull girder strength after damages. Paik et al [1] 
developed a rapid procedure to identify the possibility of hull 
girder failure after collision and grounding damages based on the 
closed-form formulae of the ultimate hull girder strength and 
section modulus after damages. Soares et al [2] evaluated the 
ability of simplified structural analysis methods based on the 
Smith’s formulation to predict the ultimate strength of damage 
ship’s hull. Ohtsubo et al [3] showed the experimental and 
numerical work on the ship structural damages due to collision 
and grounding. This is one of the first attempts to apply the 
explicit finite element method codes such as LS DYNA and 
DYTRAN to the collision and grounding problems of ships. 
Ozguc et al [4] investigated the collision resistance and residual 
strength of single skin and double skin bulk carriers subjected to 
damages. Lee et al [5] calculate the ultimate strength with 
collision damage using LS-DYNA and compared with the 
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experimental results. It is found that the ultimate strength is 
reduced as a damage size increased as expected. Muis Alie, M.Z 
et al [6] analyzed the residual longitudinal strength of ship hull 
girder with damage taking the influence of the rotation of the 
neutral axis into account. Notaro et al [7] carried out full 
nonlinear FE assessment of hull girder capacity in intact and 
damage conditions. The effect of several influences factors such 
as model extends and complexity, damage representations and 
model imperfections are investigated on the different vessels. It 
is found that the effect of damage extent in vertical direction is 
more critical than in longitudinal direction, and the damage 
varies the location of the neutral axes including higher stresses 
in proximity damage areas. A reliability analysis of a damaged 
Suezmax double hull oil tanker using a first order reliability 
method presented by Luis, R. M et al [8]. The grounding 
damaged is assumed to be centered on the keel and the ultimate 
strength calculated by means of a specific structural code. 
Hussein, A. W et al [9] studied the residual strength of three 
double hull tankers designed according to the new International 
Association of Classification Societies (IACS) Common 
Structural Rules (CSR). Different damaged scenarios at side and 
bottom are considered with different damage size to define a 
lower limit of strength which might be accounted for during 
design. The residual strength calculated using progressive 
collapse method (PCM) and applying the failure modes defined 
in the new rules. The reduction in section modulus (SM) due to 
damage is considered to check whether the section modulus is 
still acceptable after damage and a design modification factor 
(DMF) is applied to the deck thickness to compensate for the 
strength lost with damage. Gordo, J. M et al [10] presented the 
earlier work by considering five additional tankers with different 
configuration i.e., with double hull and with double bottom while 
the earlier study only contemplated single skin tankers, six 
container ships are also included in the calculations in order to 
cover the range of representative hull types.   
 
 According to the background, the aim of the present study 
is to analyze the hull girder ultimate strength of asymmetrically 
damaged ship under longitudinal bending using Finite Element 
Method. 
FINITE ELEMENT MODEL 
 
A series of Finite Element analysis (FE analysis) is carried 
out in this study. The Three-Hold model of single-side Panamax 
bulk carrier under longitudinal bending moment with and 
without damage in the hogging and sagging conditions is 
adopted for the assessment of the ultimate hull girder strength. 
An efficient solution procedure is applied i.e. the bending 
moment is applied with relatively high speed up to the specified 
value within the elastic range, then the moment is kept constant 
until the elastic vibration is damped, and finally the bending 
moment is applied with a low speed to obtain the ultimate 
strength and post-ultimate collapse behavior in quasi-static 
manner. 
 
The Finite Element model generated in the present study is 
illustrated Fig.1 and Fig.2 for the cross section, respectively. This 
is a Panamax-size bulk carrier with a single side structure. The 
longitudinal extent of the model covers three cargo holds and two 
transversal bulkheads with lower stools. In order to investigate 
the influence of the rotation of neutral axis due to asymmetric 
damage on the ultimate hull girder strength, the full breadth of 
the ship is modeled. The damage is assumed in the middle hold, 
which is modeled by finer mesh than both-side holds. A rigid 
body object implemented in the Finite Element model is attached 
at the both ends of the structure, and force rotation velocity of 
the same magnitude is applied to the model. 
 
The four-node quadrilateral shell element in the Finite 
Element method is used for modeling plate parts and two-node 
beam element for stiffeners. The fine mesh is employed in the 
middle hold with the damage and coarse mesh in the end holds. 
The material is assumed to be homogenous and isotropic. The 
strain-hardening effects are not taken into account as a 
fundamental case. Two forward and aft hold does not have 
stiffener in the bottom and deck part, but have equivalent in-
plane stiffness. Main and web frames are not included except 
transverse. The transverse is attached for both deck and bottom 
structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Three-cargo-hold of single hull bulk carrier 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Cross section of three-cargo-hold model 
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METHOD OF ANALYSIS 
 
The model is simply supported at the fore and aft end cross 
sections, which are assumed to be rigid. The forced rotations are 
applied about the horizontal axis at the height of the geometric 
center of the end intact cross sections. To consider the effect of 
the rotation of the neutral axis at the damage part and resulting 
occurrence of horizontal deflection and curvature, the rotation 
about the vertical axis is allowed at both ends of the model for 
Case 1 as shown in Fig.3. The rotation about the longitudinal axis 
is constrained. The support point of the end cross sections at one 
end is fixed in the longitudinal direction, while the other end is 
allowed to move in the longitudinal direction under the zero-
axial force condition. This allows the shift and rotation of the 
neutral axis during the process of the progressive collapse. 
 
For the comparison purpose, the analysis with the forced 
constraint on the horizontal curvature and therefore that 
constraining the rotation of the neutral axis is also performed the 
as shown in Fig.4. The translation in the transverse direction (y-
direction) is fully constrained at all the nodes on the center plane. 
An alternative approach is to constraint the rotation of the cross 
section about the vertical axis at both ends or at the transverse 
bulkheads by applying the Multi Point Constraint (MPC). In this 
study, the simple and over-constraining boundary condition is 
adopted as an extreme case. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
(b) 
 
Figure 3. Boundary condition for Case 1 (a) and  
             Applied moment (b) 
 
 
The collision damage is modeled by removing the plate and 
stiffener plate of elements at the damage region assuming the 
complete loss of the capacity at the damage part. As a 
fundamental case for the simple calculation, the damage of the 
one frame-space length is located at the mid-hold part of the 
central hold. The 20% and 70% damages are shown in Fig.5. The 
20% damage has a dimension of 5100 mm in length and 3939 
mm in depth. For the case of 70% damage, its damage 5100 mm 
in length and 13889 mm in depth. The transversal damage extent 
is set as B/16 and used for two damage cases. The 70% damage 
corresponds to the damage extent specified in draft IACS/CSR-
H. 
 
To achieve a better balance of efficiency and accuracy, the 
FEM analysis is divided into three phases as described in Fig. 6. 
In the phase one, the relative fast rotational velocity (0.015 
rad/sec) of loading is given both ends of the model within the 
elastic range. Then in phase two, the rotational velocity is 
stopped, giving the global damping coefficient 0.0004 in order 
to eliminate the vibration. In the phase three, to minimize the 
dynamic effect, the relative slow rotational velocity (0.002 
rad/sec) is imposed to the model until the ultimate strength is 
attained. The analysis conditions are determined by trial and 
error approach. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Boundary condition for Case 2 
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(a) 20% damage 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 70% damage 
 
Figure 5. Damage cases 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Time history of applied rotational velocity 
 
RESULT AND DISCUSSION 
 
The Finite Element Method has been selected as a numerical 
analysis to calculate the three-hold model of bulk carrier under 
longitudinal bending moment taking the influence of the neutral 
axes into account with asymmetrically damage ship. To validate 
this numerical result, the result obtained by Smith’s method is 
adopted. The starting point is showing the result of Finite 
Element analysis for intact case, then the damage condition is 
introduced step by step and finally the results are compared to 
the analytical solution. In all the analyses, the rotational velocity 
about the horizontal axis is applied as a forced velocity. 
 
Fig. 7 shows the moment-curvature relationship of the intact 
hull girder under hogging condition. Fig. 8 and 9 shows the 
deformations at the ultimate and beyond the ultimate strength. At 
the beginning stage of loading (up to point a’), elastic vibration 
is observed, but it is later damped and thereafter the behavior can 
be regarded as quasi-static. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Moment-curvature relationship (intact-hogging) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Deformation at point B (intact-hogging) 
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Figure 9. Deformation at point C (intact-hogging) 
 
It is found from Fig. 8 that the ultimate strength of the intact 
hull girder in the hogging condition is attained when the outer 
bottom part closed to the transversal bulkhead is almost failed in 
compression rather than in the mild-hold area. Beyond the 
ultimate strength, Fig. 9 at point C, the entire outer elements near 
transversal bulkhead failed and the collapse region extends from 
bilge side to the shell. The bending moment capacity is rapidly 
decreased. The collapse region is localized and the rest part is 
unloads. 
 
The moment-curvature relationship for the intact hull girder 
under sagging condition is shown in Fig. 10. Deformations at the 
ultimate and beyond the ultimate strength at point E and F are 
shown in Fig. 11 and 12, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Moment-curvature relationship (intact-sagging) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Deformation at point E (intact-sagging) 
 
In sagging condition, the ultimate strength is attained soon after 
the structural component in the deck part failed. Although the 
significant deflection of the hatch coaming is observed, the direct 
trigger to the collapse of the failure of deck members. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Deformation at point F (intact-sagging) 
 
Almost no yielding is observed in the bottom art because of 
the shorter distance from the neutral axis and the reduction of 
load carrying capacity of the deck members. After reaching the 
ultimate strength, the behavior of the model changes gradually 
in the post ultimate strength. Deformation in are shown in Fig. 
11 at E for the ultimate strength and point F for post ultimate 
strength. In this regard, the buckling deformation is localized at 
the frame space at the mid-ship and the unloading takes place in 
the rest part. The load carrying capacity beyond the ultimate 
strength is more rapidly decreased than in the hogging case. The 
moment-curvature relationship obtained for the 20% damage is 
shown in Fig. 13 for hogging condition and Fig. 14 for sagging 
condition, respectively. Case 1 considers the rotation of the 
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neutral axis and Case 2 does not. Similar to the results obtained 
by analytical solution where Case 2 gives larger ultimate strength 
than Case 1 because the horizontal curvature is constrained in 
Case 2. The effect constraint is however much smaller than that 
observed in analytical solution. This probably because the load 
redistribution more easily takes place in the shell model which is 
more flexible than the beam model that assumes a rigid and plane 
cross section. 
Two peaks are observed in the moment-curvature 
relationship in the sagging condition as shown in Fig. 14. As the 
first peak, points A and A’, the initial buckling takes place at the 
deck part on the damage side. The load carrying capacity once 
decreases because of the reduction of the post-buckling capacity 
at the damage side, but again increases as the internal load is 
redistributed to the intact side of the deck (second peak). After 
the deck part on the intact failed in compression, the maximum 
residual capacity is attained at the points B and B’. It should be 
noticed in Fig. 14 that the initial failure of the deck part on the 
side damaged side takes place earlier in Case 2 than in Case 1. 
This is probably because of the difference of the deck stress 
distribution as a result on the horizontal curvature in Case 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Moment-curvature of 20% damage (hogging) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Moment-curvature of 20% damage (sagging) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Case 1 (point B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Case 2 (point B’) 
 
Figure 15. Stress distribution at the ultimate strength 
                        (20% damage hogging) 
 
 
Fig. 15 shows the Mises stress distributions at the ultimate 
strength in the hogging condition. In Case 1, yielding is spreads 
in the damaged side of the bottom plate while in Case 2 in the 
both damaged and intact sides of the bottom plate. This is clearly 
due to the constraint on the horizontal curvature and this result 
in the slightly larger ultimate strength than Case 1. 
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(a) Case 1 (point C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Case 1 (point C’) 
 
Figure 16. Stress distribution at the ultimate strength 
                        (20% damage sagging) 
 
Fig. 16 shows the Mises stress distribution at the ultimate 
strength in sagging condition. Compared to the hogging 
condition, the difference of the stress distribution between Case 
1 and Case 2 is small. This is probably because the failure 
develops in larger area of cross section in the hogging condition 
than in sagging condition and over-constraint on the horizontal 
curvature has larger effect. 
 
Fig. 17 and 18 shows the moment-curvature relationship for 
70% damage case in the hogging and sagging conditions, 
respectively. The vertical bending moment induces the 
horizontal curvature in Case 1 while in Case 2 does not. Case 2 
gives ultimate strength larger than Case 1 in the hogging 
condition. On the other hand, in the sagging condition, Case 2 is 
almost same as or even smaller than Case 1. This is partly 
because of the over-constraint on the horizontal curvature. It is 
however clear that the effect of the rotation of the neutral axis 
obtained by FE analysis is smaller than that obtained by 
analytical solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Moment-curvature of 70% damage (hogging) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Moment-curvature of 70% damage (sagging) 
 
The stress distributions at the ultimate strength are shown in 
Fig. 19 and 20. The differences Case 1 and Case 2 are almost 
similar to those of 20% damage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Case 1 (point B) 
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(b) Case 2 (point B’) 
 
Figure 19. Stress distribution at the ultimate strength 
                        (70% damage hogging) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Case 1 (point C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Case 1 (point C’) 
 
Figure 20. Stress distribution at the ultimate strength 
                        (70% damage sagging) 
To validate the non-linear analysis using FE method, the 
analytical solution performed by Smith’s method is adopted for 
the assessment of the ultimate hull girder strength. The results 
obtained by FE analysis is compared with the analytical solution. 
Fig. 21 is the relationship between the vertical bending moment 
and the average curvature over full length of the model for the 
analysis for intact case. In the analytical solution, one-frame 
space is used and in FEM the three-hold model. It is confirmed 
that the analytical solution gives almost identical bending 
moment-curvature relationship. The ultimate strength obtained 
by analytical solution is quite good agreement with the FEM 
results. However, the post-ultimate strength behavior obtained 
by FEM drops much more rapidly than that obtained by the 
analytical solution for one-frame space model. This is due to the 
localization of the plastic deformation at the collapsed cross-
section and the unloading at the rest part.  
 
 
 
Figure 21. Momen-curvature relationship for intact 
 
As the load carrying capacity decreases beyond the ultimate 
strength at the collapsed cross-section, the rest part unloads and 
the curvature decreases. The capacity therefore drops with a very 
small increase in the average curvature for the full length. Fig. 
21 shows the comparison of the result for the ultimate strength 
in intact condition between FEM analysis and analytical 
solution. It is observed that the ultimate strength obtained by 
FEM analysis is in good agreement with the analytical solution. 
 
Fig. 22 and 23 shows the moment-curvature relationship of 
the 20% damage and 70% damage under hogging and sagging 
condition, respectively. The ultimate strength obtained by 
analytical solution taking one-frame model into account. On the 
other hand, for the FEM analysis, the three-hold model is used. 
The difference in the post-ultimate strength behavior between the 
three-hold model and one-frame space model is due to the 
localization of the plastic deformation as already explain before. 
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As to the accuracy of the ultimate strength, the analytical 
solution give the prediction that is in good agreement with the 
FEM analysis for hogging condition but significantly 
underestimate for sagging condition. This is partly because the 
effect of the stress concentration due to damage opening is not 
taken into account in the Smith’s method and the axial stress-
strain relationship used in the analytical solution assumes the 
buckling collapse behavior of a continuous stiffened panel and 
does not consider the free edges at the damage part. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22. Momen-curvature relationship for 20% damage 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Momen-curvature relationship for 70% damage 
 
The similar tendency can be found as in the case 20% 
damage. The effect of the rotation of the neutral axis can be 
captured by the analytical solution, but the rational modeling of 
the damage and the buckling/plastic collapse behavior of the 
members of damage part has also a significant impact on the 
estimate of the ultimate hull girder strength. 
 
CONCLUSION 
 
The ultimate strength analysis of ship’s hull girder has been 
performed using Finite Element Method. The three-hold model 
of the single hull bulk carrier is taken as the object of the ship for 
the assessment of the progressive collapse behavior under 
longitudinal bending. An asymmetric damage is assumed at the 
top side part. The progressive collapse behavior analysis using 
analytical solution is also performed and the applicability of this 
simplified method is examined through a comparison with the 
FEM analysis. The following conclusion can be drawn: 
 
The rotation of the neutral axis has influence on the ultimate 
hull girder strength of the asymmetrically damaged ships. When 
it is neglected, the ultimate strength is over estimate. This is 
primarily because of the possible deformation and load-
redistribution as a 3D shell structure at the damaged part. 
 
The analytical solution gives the intact strength with a very 
good accuracy. However, in the damage condition, particularly 
when the damage part is on the compression side of hull girder 
bending, it tends to over-predict the ultimate strength in the FEM 
analysis. 
 
The improvement of the estimate of the ultimate strength and 
post-ultimate strength behavior of the stiffened panel members 
at the damaged part is essentially needed for the rational 
assessment of the both ultimate strength and the neutral axis 
effect. 
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